Background: The parasitic nematode Angiostrongylus cantonensis is the primary pathogen causing eosinophilic meningitis and meningoencephalitis in nonpermissive hosts. The larval parasites are eliminated by the host's immune responses in the central nervous system (CNS) through infiltration of eosinophils and lymphocytes. This study aimed to determine primary alterations of microRNA (miRNA) during A. cantonensis infection in mice. Methods: miRNA array was used to analyze the expression of miRNA in uninfected and A. cantonensis-infected mouse brains at 21 days postinfection (dpi). Target genes were predicted by miRDB software, and proteineprotein interaction network was analyzed using STRING v9.1. Expression levels of selected miRNAs and cytokine production were verified by quantitative reverse transcription polymerase chain reaction (qRT-PCR). Results: Twenty-five mature miRNAs showed differential expression in infected mouse brains, of which 24 were upregulated and one was downregulated compared to the uninfected control. These 25 miRNAs were divided into five clusters, and the first upregulated cluster was selected for further bioinformatics analysis. Target gene prediction and gene ontology (GO) enrichment analysis revealed that the miRNAs were mainly related to the immune response. (H. Li). e These authors contributed equally to this work.
Introduction
The parasitic nematode A. cantonensis is the causative agent of eosinophilic meningitis and angiostrongyliasis in humans. 1 Found primarily in the pulmonary arteries of rodents, it is considered as an emerging zoonotic pathogen. 2, 3 In humans, the larvae move through the gut to the small intestine, then penetrate the intestinal walls, entering the bloodstream; thereafter, a proportion of the larvae eventually break the bloodebrain barrier and reach the brain. The worms develop to the sub-adult stage and cause serious neurological damage. 4 Neurological damage can be caused both by physical damage and by the inflammation caused by the host's immune responses to the nematode. 5 The immune response towards the dead worms in the brain plays a critical role in the pathology of eosinophilic meningitis in angiostrongyliasis. 6, 7 Helminth defence molecules are significant components of the innate immune system, which function via toll-like receptor 4 (TLR4) and induce TNF-a secretion. 8 A. cantonensis infection in the brain activates the microglia, which are resident immune cells in the (CNS). 9, 11 Unlike the case in rat microglia, TNF-a was found to be differentially expressed in mice microglia after A. cantonensis soluble antigen stimulation. 10, 11 Thus, we hypothesize that TNF-a may play a role in nonpermissive hosts. Several miRNAs, including miR-146a and the miR-212/132 cluster, have been reported to regulate A. cantonensis infection-induced CNS inflammation in mice and rats. 11 However, the molecular regulation of miRNAs in the immune response during A. cantonensis infection, especially the regulation of TNF-a, have not yet been investigated.
This study aimed to investigate global changes in the expression of brain miRNAs during A. cantonensis infection in mice. Our analysis revealed significant alterations in the miRNA expression of infected mice. Furthermore, mmu-miR-146a was identified among upregulated miRNAs, and inhibition of this miRNA led to increased TNF-a expression.
Methods

Preparation of third-stage infective larvae
Third-stage (L3) A. cantonensis infective larvae were obtained from naturally infected Achatina fulica snails that had been captured from several natural foci for angiostrongyliasis in Qingyuan County, Guangdong Province, China. The nematodes were propagated in the laboratory by cycling through SpragueeDawley rats and snails for two generations. The infective L3 larvae were then harvested using a method described previously. 12 
Animal infection
A total of nine 6-week-old specific pathogen-free male BALB/ c mice were maintained in the Southern Medical University Animal Central Laboratory and fed a standard pellet diet and clean water. The animals were cared for according to the guidelines of the China Council on Animal Care, and all procedures performed were in accordance with the regulations approved by the Animal Care and Use Committee of Guangdong Province, China (NFYY-2013-45). The mice were divided into two groups: Group 1 was the control group (n Z 3); and Group 2 was the infection group that consisted of mice infected with L3 A. cantonensis larvae (n Z 6 mice, 40 larvae per mouse. Three mice for RNA extraction, the other three for larvae isolation). The infection in mice was confirmed by testing for the presence of antibodies to A. cantonensis larval soluble antigen (LSA) at 21 days postinfection (dpi) using enzyme-linked immunosorbent assay.
Mouse brain sample preparation
All infected and control mice were sacrificed by cervical dislocation at 21 dpi. 13 To ensure that the presence of nematode RNAs in the infected samples do not interfere with the comparison, the control brain tissues obtained after harvest were seeded with approximately equal numbers of parasitic worms before RNA extraction. Total RNA was extracted from the uninfected mouse brain mix with L3 A. cantonensis larvae and A. cantonensis-infected mouse brains using TRIzol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol.
MicroRNA analysis
RNA samples from three infected brains and three control brains were used for miRNA analysis. Total RNA was reverse transcribed using the Taqman MicroRNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA) in a reverse transcriptase (RT) reaction. cDNA was amplified in 40 cycles of 16 C for 2 minutes, 42 C for 1 minute, and 50 C for 1 second. Then, the reaction mixture was held at 85 C for 5 minutes, and finally at 4 C. MiRNA array was performed using Taqman Array Rodent MicroRNA A þ B Cards (v3.0) in a thermal cycler (Applied Biosystems 7900HT), which consisted of the two-card set for 768 unique assays specific to rodent miRNAs. Taq polymerase was activated at 50 C for 2 minutes, and the mixture was incubated at 94.5 C for 10 minutes, followed by 40 cycles of 97 C for 30 seconds and 59.7 C for 1 minute.
Preparation of A. cantonensis LSA
A total of 200 intracranial larvae were harvested from the infected mice as previously described. The larvae were placed in 400 mL of sterile lipopolysaccharide (LPS)-free water. The worms were ground with a clear glass pestle, sonicated on ice (75 W for 10 seconds, 10 times, with 2minute intervals) three times to release the soluble antigens. After centrifugation at 11,500g for 5 minutes at 4 C, the supernatant was recovered and filtered through a 0.22mm filter. The total protein concentration in the filtrate was determined using the bicinchoninic acid method, and the LSA was stored at À80 o C until further use.
Microglia stimulation assay
The mouse microglial cell line N9 (generously gifted by Professor Wu Zhongdao, Sun Yat Sen University) was cultured in a 12-well culture plate (Corning, NY, USA) at a density of 5 Â 10 5 cells per well . After the formation of a monolayer, the cells were stimulated with 50 mg/mL of LSA or 1 mg/mL of LPS (Sigma, St. Louis, Missouri, USA) as a positive control. The cells were collected at 0, 4, 8, 12, and 24 hours after stimulation, and the total RNA was extracted using a mirVana miRNA isolation kit (Ambion, Austin, TX, USA). Contaminating genomic DNA was removed using the DNA-free kit (Applied Biosystems). All reactions were repeated three times.
Transfection of microglial cells
N9 microglial cells were transfected with an inhibitor of mmu-miR-146a-5p (mmu-miR-146a-5p-i) (5 0 -AACCCAUG-GAAUUCAGUUCUCA-3 0 ) and miRNA control (5 0 -CAGUA-CUUUUGUGUAGUACAA-3 0 ) using a reverse transfection method according to the manufacturer's instructions (Genepharma, Shanghai, China). Microglial cells were cultured in 12-well plates (Corning) at a concentration of 1.4 Â 10 5 cells per well, and transfected with either 100 nM of mmu-miR-146a-5p-i or miRNA control using Lipofectamine 2000 (Invitrogen) and incubated for 36 hours. After removing the medium, the microglial cells were replaced with 50 mg/mL LSA medium for stimulation and collected at 4 and 24 hours after stimulation. All reactions were repeated three times.
Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis
Total RNA from mouse brains were reverse transcribed to cDNA using the miScript Reverse Transcription kit (Qiagen, Germantown, MD, USA). qRT-PCR was performed with mature miRNA-specific primers (Table S1) in an Applied Biosystems 7500 Sequence Detection System (Applied Biosystems) using a miScript SYBR Green PCR kit (Qiagen). Following an initial incubation step at 50 C for 2 minutes, Taq polymerase was activated at 95 C for 15 minutes; followed by 40 cycles of 94 C for 15 seconds, 55 C for 35 seconds, and 70 C for 30 seconds. The amplification data were quantified using Taqman 7500 system software v2.0.6 (Applied Biosystems) and the 2 eDDCt method. 14 The relative expression levels of the miRNA genes were normalized to that of U6 small nuclear RNA.
To analyze TNF-a expression in microglia cells, cDNA synthesis and qRT-PCR were performed as described above using the primers listed in Table S1 . The PCR conditions were as follows: initial denaturation step at 95 C for 2 minutes followed by 40 cycles of 95 C for 15 seconds, 55 C for 15 seconds, and 70 C for 1 minute. b-Actin was used as the internal reference.
Microarray data analysis and target gene prediction
The normalization method was used for within-array normalization, and clustering affinity search was used to analyze the expression pattern. 15 The miRNAs with the most significant up or downregulation were used to predict target gene expression using miRDB software. The putative direct and indirect associations between target genes in a proteineprotein interaction network were analyzed using STRING (http://www.string-db.org/). 16 
Statistical analysis
The Student t test and one-way ANOVA were used to analyze the miRNA expression levels in the microarray analysis and the miRNA expression levels verified by qRT-PCR. The Bonferroni multiple-comparison method was used for comparison of means. Statistical significance was calculated using IBM SPSS Statistics (version 17.0, IBM SPSS Inc., Chicago, IL).
Results
Differentially expressed miRNA in infected mouse brains after A.cantonensis infection A total of 25 miRNAs were differentially expressed between the control and infected groups. Of these, 24 were upregulated and one was downregulated (p < 0.05). The 24 upregulated miRNAs had differences ranging from 1-to 19fold compared to the control. Two miRNAs (mmu-miR-223 and mmu-miR-155) showed significant enrichment with more than 10-fold difference compared to the control, whereas six miRNAs (mmu-miR-142, mmu-miR-203, mmu-miR-451, mmu-miR-21-5p, mmu-miR-199a, and mmu-miR-146a) showed differences ranging from 2-to 10-fold compared to the control. The miRNA that was downregulated, mmu-miR-181a, was 1.55-fold downregulated relative to the control ( Table 1) .
Verification of miRNA array data with qRT-PCR
Six miRNAs exhibited differences ranging from 1-to 19fold relative to the control; these miRNAs were selected to Differential Expression of miRNAs in Mouse Angiostrongyliasis 3 + MODEL verify the differential expression in the in vivo and in vitro experiments. The in vivo validation experiment shown that infection with A. cantonensis increased the expression of mmu-miR-19, mmu-miR-21, mmu-miR-142, mmu-miR-146, and mmu-miR-155 in mouse brains, but mmu-miR-181a showed no significant difference between the control and infected groups. In vitro validation was performed with mouse microglia following LSA stimulation, and all six miRNAs were upregulated in microglia at 12e24 h after LSA stimulation. Thus, except for mmu-miR-181a, the in vitro and in vivo validation experiments were in agreement with the results of the microarray analysis results (Figure 1 ). Table 2 presents the major predicted functions of the differentially expressed miRNAs in infected BALB/c mouse brains. mmu-miR-181a, whose expression was downregulated in infected brains, was shown to play a role in inhibiting T and B lymphocytes after A. cantonensis infection. Among the 24 upregulated miRNAs, five (mmu-miR-17 and mmu-miR-19b, mmu-miR-152, mmu-miR-146, and mmu-miR-155) were predicted to modulate the immune response in the mice. The remaining upregulated miRNAs were mainly involved in CNS development (mmu-miR-93), eosinophil and erythroid proliferation and differentiation (mmu-miR-223 and mmu-miR-451).
Biological functions of the differentially expressed miRNAs
Target gene prediction and functional analysis
Cluster analysis using hierarchical clustering based on analogical gene expression level was carried out to further predict the functions of these differentially expressed miRNAs ( Figure 2 ). In the heat map, the 25 miRNAs were divided into five clusters: one cluster containing the one downregulated miRNA and four clusters containing the 24 upregulated miRNAs. We selected the first cluster of upregulated miRNAs and analyzed their target genes using STRING v9.1. The enrichment analysis of the target genes indicated that among the gene ontology (GO) categories, the biological processes category was represented by immune system process (n Z 15, p < 0.001), regulation of the immune system process (n Z 13, p < 0.001), and immune system development (n Z 10, p < 0.001). Additionally, six of the eight proteins (IFN-g, IRAK1, Nos2, Notch1, Stat1, and Traf6) annotated with the GO term "immune response" were targets of miR-146a and were also predicted to interact with TNF-a. The predicted interaction between TNF-a and the proteins from the "immune response" term suggested that TNF-a probably interacted with the target genes of mmu-miR-146a-5p ( Figure 3 ).
mmu-miR-146a-5p downregulates TNF-a expression
Microglias were used to further explore the possible role of mmu-miRNA-146a-5p and TNF-a transcription in A. cantonensis infection. We found that the TNF-a expression peaked at 4 hours and decreased thereafter in microglia after LSA stimulation (Figure 4) . Then, microglial cells were transiently transfected with mmu-miR-146a-5p-i and miRNA control. The transfection efficiency evaluated using fluorescence labeled small interfering RNA was up to 50% in both groups ( Figure 5 ). qRT-PCR analysis confirmed that the cells transfected with mmu-miR-146a-5p-i significantly attenuated mature mmu-miR-146a-5p expression ( Figure 6 ). At 4 hour and 24 hour poststimulation with LSA, microglia transfected with control miRNA exhibited a 2.5-fold increase and a 1.5-fold decrease in TNF-a transcript, respectively. At the same time points, microglia transfected with mmu-miR-146a-5p-i exhibited 1.7-fold and 2.9-fold increases in the TNF-a transcript, respectively. To further explore the relationship between mmu-miR-146-5p and TNF-a, the expression of Traf6, a validated target gene of mmu-miR-146a-5p was also determined in LSA-treated microglial cells. The results showed that Traf6 was upregulated in microglia transfected with the mmu-miR-146a-5p-i at 4e24 hours after stimulation with LSA, whereas it was downregulated in microglia transfected with the miRNA control (Figure 7 ).
Discussion
We used an in vivo model of mice angiostrongyliasis and found that 25 miRNAs were differentially expressed in A. cantonensis-infected mice. The nematode infection is known to trigger strong immune responses in patients, resulting in serious inflammation in nonpermissive hosts. 17, 18 A number of miRNAs have been reported to function in the host immune responses by modulating the secretion of cytokines and chemokines in infectious diseases, including parasitic diseases ( Figure S1 ). 19e23 In our study, mmu-miR-223 showed the largest fold change in our study, and this miRNA has been reported to be driven by myeloid transcription factors that are important in eosinophilopoiesis. 24 Others have reported that mmu-miR-21 could regulate the prosurvival effect of granulocyteemacrophage colony-stimulating factor on eosinophils and is upregulated during IL-5-driven eosinophil differentiation. 25, 26 These results together suggest that most of the differentially expressed miRNAs in this study were involved in the immune response, particularly in the regulation of eosinophil differentiation.
As shown in Figure S1 , TNF-a secretion has been previously shown to be directly regulated by mmu-miR-16, mmu-miR-19, mmu-miR-21, mmu-miR-106a/b, mmu-miR-142, mmu-miR-146, and mmu-miR-155 or indirectly regulated by mmu-miR-181a via the NF-kB pathway. 27e31 We first selected six miRNAs to verify the microarray results, and confirmed variations in mmu-miR-19, mmu-miR-21, mmu-miR-142, mmu-miR-146, and mmu-miR-155 but not in mmu-miR-181a. One possible explanation for our findings may be that the fold change of mmu-miR-181a was less than two, and this variation may not have resulted from A. cantonensis infection. We performed a heat-map for the 25 differentially expressed miRNAs and found that four of the five miRNAs in the first cluster were reported to be associated with TNF-a secretion in infectious diseases. Analysis of the target genes revealed that six of the eight target genes of miR-146a were closely related with TNF-a. Thus, we performed an experiment to further confirm the exact regulation of mmu-miR-146a and TNF-a in A. cantonensis infection. We found variations in the TNF-a level in microglia with LSA stimulation. Mmu-miR-146a-5p was upregulated with LSA stimulation in a time-dependent manner, and TNF-a was initially upregulated at 4 hours of stimulation but downregulated thereafter. We speculate that mmu-miR-146a-5p may indirectly regulate the expression of TNF-a after A. cantonensis infection.
LPS is a potent inducer of TNF-a mostly depending on the activation of STAT3. 32 In a previous study, the induced eosinophilia and proliferation in mice angiostrongyliasis are confirmed to be associated with JAK/STAT1. 33 STAT1 and STAT3 were confirmed to function in the innate immune response. Therefore, we hypothesized that the pathway of the innate immune response of LSA was similar to that of LPS. In this study, we observed a similar variation in the TNF-a level after LSA and LPS stimulation. Transient transfection with mmu-miR-146a-5p-i resulted in increased TNF-a expression in microglia after LSA stimulation, suggesting that the mmu-miR-146a-5p-i can promote LSAinduced production of TNF-a in microglia. Moreover, the transfection of mmu-miR-146a-5p-i significantly elevated the Traf6 mRNA expression after stimulation with LSA. Consequently, we speculated that mmu-miR-146a-5p may be partially involved in TNF-a production via Traf6 in response to A. cantonensis infection. 
Differential Expression of miRNAs in Mouse Angiostrongyliasis
In summary, miRNA profiling of infected mouse brains revealed significant alterations in miRNA expression. The differentially expressed miRNAs were predicted to be primarily involved in the immune responses of infected mice. Our study further confirmed that mmu-miR-146a-5p could modulate the expression of TNF-a and the predicted target gene Traf6. Further analysis of miRNA functions will help us better understand the molecular mechanisms of the host immune response against A. cantonensis in nonpermissive hosts.
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